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The study of nuclear electron capture (EC) offers an exciting alternative for the determination of the
neutrino mass. Whereas only tritium and 187Re can be used in the case of β-decay experiments involving
the anti-neutrino, a potentially large number of EC-nuclides can be used in experiments involving the
monochromatic neutrino. This alternative to β-decay experiments requires an accurate measurement of
QEC-values of appropriate candidates. In the present work we initiate a search for such a candidate and
determined the QEC-value of the electron capture in 194Hg by direct mass measurements of 194Hg and
194Au. The new QEC-value of 29(4) keV determined by the ISOLTRAP Penning-trap mass spectrometer at
ISOLDE/CERN forbids the K-capture for 194Hg. However, it allows a determination of the neutrino mass
by a combination of a micro-calorimetric measurement of the de-excitation spectrum from L-capture in
194Hg and a comparable QEC-value remeasurement by high-precision Penning trap mass spectrometry.
© 2010 Elsevier B.V. Open access under CC BY license.1. Introduction
The absolute mass of the neutrino is of fundamental importance
for physics and cosmology. However, its determination is a very
ambitious and challenging venture. Over the last decades many at-
tempts have been undertaken to measure this elusively tiny quan-
tity. For the antineutrino νe an upper limit of m(νe) < 2 eV was
obtained by tritium β-decay experiments [1]. In contrast, for the
neutrino νe a less stringent limit of only m(νe) < 225 eV was ob-
tained from measurements of internal bremsstrahlung, which ac-
companies capture of orbital electrons (EC) by a 163Ho-nucleus [2].
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Open access under CC BY license.The idea of a determination of the neutrino mass by EC was put
forward a long time ago. The ﬁrst investigation was performed in
the 1980s [3]: An upper limit of 1300 eV was found by observing
the M-shell X-rays and Auger electrons for the EC in 163Ho. At the
same time A. de Rújula [4] came up with the idea to use calorime-
ters for a determination of the neutrino mass. Calorimeters can
detect the total energy release of EC from electrons and photons
(i.e. both non-radiative and radiative processes) but neutrino. Thus,
such a calorimetric spectrum is a measure of the neutrino en-
ergy spectrum due to two body nature of EC. The endpoint of the
calorimetric spectrum Emax = QEC −m(νe)c2 is independent of the
capture states and their sum. As was pointed out in [4] the shape
of this spectrum is not affected by natural widths of intermedi-
ate atomic states. Thus, a determination of the endpoint via the
Curie-plot along with an independent measurement of the QEC-
value allows a determination of the neutrino mass. Until recently
experimental means did not keep pace with requirements for pre-
cise measurements and to date the neutrino mass value from EC is
stuck at the level of 225 eV. Thus, a dramatic improvement on the
S. Eliseev et al. / Physics Letters B 693 (2010) 426–429 427Fig. 1. Total energies of the electron-neutrino Q ν emitted in a capture of the K-shell
electron (ﬁlled squares), of the L1-shell electron (circles) and of the M1-shell elec-
tron (empty square) as expected for nuclides with QEC  100 keV. The uncertainties
of most of the QEC-values [12] are smaller than the size of the symbols.
side of the neutrino is required if a test of CPT symmetry in the
neutrino sector is considered.
The progress over the last years in both Penning trap mass
spectrometry [6] and cryogenic micro-calorimetry [7,8] enables
now a neutrino mass determination at a considerably increased
level of accuracy [9]. Advanced Penning traps will provide an ac-
curacy of 1 eV for the Q -value of EC in 163Ho [10] and, similarly,
cryogenic micro-calorimeters are able to determine electron bind-
ing energies Bi to a precision of about 1 eV [8]. These devices are
able to detect the energy release from all atomic de-excitations
(except via the neutrino) that occur after electron capture. Thus,
a combined use of both methods allows a precise determination
of the total neutrino energy and an analysis of the endpoint of the
calorimetric spectra will provide an accurate value for the neutrino
rest mass.
The best candidates for such measurements are nuclides with
small QEC-values for which the EC results in an emission of a
low-energy neutrino. This property is connected to a large relative
contribution of the neutrino mass to the total neutrino energy and,
thus, high sensitivity to the neutrino mass. To date, the best condi-
tions are found in 163Ho with a decay energy of QEC = 2.56(2) keV
[11] and with an expected total neutrino energy Q ν ≈ 500 eV for
the electron capture from the M1-atomic shell. However, there is
a variety of other potential candidates with QEC-values below 100
keV and with expected very small total energy of the emitted neu-
trino. Here, electron capture to the nuclear ground states as well
as to excited nuclear states of the daughter nucleus can be consid-
ered. K- and L-shell electron-capture cases are presented in Fig. 1
together with EC of the M1-shell electron case in 163Ho, where the
EC from K- and L-shells is energetically forbidden. For some of the
nuclides their masses have too large uncertainties. In order to ﬁnd
the most suitable candidate, accurate mass measurements of these
nuclides have to be performed.
2. Experimental procedure
In this Letter we report on the QEC-value determination for the
candidate 194Hg. The choice of 194Hg is based on several criteria:
First, the half-life of 440(80) years is long enough to perform year-
long micro-calorimetric experiments. Second, a source with suﬃ-
cient strength can be produced, e.g., at ISOLDE/CERN. Third, the
present QEC-value [12] based on [13–18] is not accurate enough
to be useful for the purpose considered (see Fig. 1).
The QEC-value of 194Hg was determined by direct measure-
ments of atomic masses of 194Hg and its daughter nuclide 194Au.Table 1
Properties of 194Hg known prior to the present study and relevant to a subsequent
determination of the neutrino mass: half-life T1/2, QEC-value from [12] based on
[13–18], binding energies of the K- and L1-shell electrons Bi in 194Au from [19],
and the derived total energy of the emitted neutrino.
T1/2 QEC/keV i Bi/keV Q ν/keV
440(80) yr 69(14) K 80.72 −12(14)
L1 14.35 55(14)
In Table 1 properties of 194Hg relevant to this measurement are
given. The total energy of the emitted neutrino Q ν (see last col-
umn) is given by Q ν = QEC − Bi , where Bi is the binding energy
of the captured electron. In this expression the recoil energy of the
nucleus is neglected.
The present experiments were carried out at the ISOLTRAP Pen-
ning trap mass spectrometer at ISOLDE/CERN. The masses of 194Hg
and 194Au were measured in separate runs within a month in
between. The radioactive ion-beam production at the ISOLDE fa-
cility [20] and mass measurements with ISOLTRAP including data
analysis have been described in detail elsewhere [21,22]. Here,
only a brief summary of the experimental procedure is given. The
194Hg and 194Au were produced by 1.4-GeV protons impinging
on thick uranium carbide targets coupled to the general purpose
mass separator. The reaction products were ionized either in a
hot plasma ion source (194Hg) or in the laser ion source RILIS
(194Au) as described in [23]. Mass-selected nuclides were deliv-
ered as a 30-keV continuous ion beam to the ISOLTRAP setup.
There, the ions were stopped, cooled, and bunched in a linear
radio-frequency quadrupole (RFQ). The ion bunch was then trans-
ferred to the ﬁrst, cylindrical Penning trap for cooling and isobaric
cleaning. The isobarically-cleaned bunch of singly-charged 194Hg+
or 194Au+ ions was then injected into a hyperbolic precision Pen-
ning trap. Here, a precise measurement of the cyclotron frequency
fc = qB/(2πm) of ions with mass m and charge q, stored in a
strong and homogeneous magnetic ﬁeld B , is performed with a
time-of-ﬂight ion cyclotron-resonance detection technique [24]. To
this end the magnetron motion is converted to the modiﬁed cy-
clotron motion by application of a quadrupolar radio-frequency
ﬁeld for a certain excitation time with a subsequent ejection of
the ion towards a particle detector outside the magnetic ﬁeld. The
time-of-ﬂight of the ion between the trap and detector is observed
as a function of the excitation frequency (see the insets in Fig. 2).
The minimum of the time-of-ﬂight corresponds to the cyclotron
frequency fc of the ion. The magnetic ﬁeld strength is calibrated
by measuring the cyclotron frequency of a reference ion with well-
known mass. Thus, the mass of the ion of interest is deduced from
the ratio of the two cyclotron frequencies.
For 194Hg+ resonances were taken with excitation times of 6 s
and 10 s, whereas for 194Au+ all resonances were taken with ex-
citation time of 10 s. Six cyclotron-frequency measurements for
194Au+ were performed, the cyclotron frequency of 194Hg+ was
measured four times. For the calibration of the magnetic ﬁeld
strength the nuclides 197Au+ and 133Cs+ were used, respectively.
The mass of both reference nuclides is known to an uncertainty
better than 600 eV [12], i.e. suﬃciently good for the present mea-
surements. The presence of contaminant ions that may have been
formed in the traps, e.g. by charge exchange, was accounted for by
a count-rate class analysis of the cyclotron frequency as described
in [22].
3. Results and discussion
In Fig. 2 the measured cyclotron frequency ratios f refc / fc
are shown for 194Au+ vs. 197Au+, and for 194Hg+ vs. 133Cs+,
fc(197Au+)/ fc(194Au+) and fc(133Cs+)/ fc(194Hg+). Table 2 lists
428 S. Eliseev et al. / Physics Letters B 693 (2010) 426–429Fig. 2. Measured cyclotron frequency ratios fc (197Au+)/ fc (194Au+) and fc (133Cs+)/ fc (194Hg+). The error bars of the individual measurements are the statistical uncertainties
taking into account magnetic ﬁeld ﬂuctuations and using a count-rate class analysis [22]. The grey shaded bands represent the total uncertainties of the averaged frequency
ratios. The insets represent typical individual time-of-ﬂight cyclotron resonances for 194Au+ and 194Hg+ obtained with excitation times of 10 s and 6 s, respectively. The
solid lines are ﬁts of the expected line shape to the data points [25].
Table 2
Cyclotron frequency ratios and mass excesses (ME)exp for 194Hg and 194Au. For a calibration of the magnetic ﬁeld strength, 197Au+ and 133Cs+ were used in the experiments
with 194Au+ and 194Hg+ , respectively. The last column gives the difference between the experimental value and the AME2003 value [12].
Nuclide Freq. ratio f refc / fc (ME)exp/keV (ME)lit/keV [12] /keV
194Hg 1.4594262184(230) −32184(3) −32193(13) 9(13)
194Au 0.9847631028(110) −32213(2) −32262(10) 49(10)these frequency ratios, AME2003 (Atomic-Mass Evaluation 2003
[12]) and our mass excesses as well as the difference between the
experimental value and the AME2003 value for neutral 194Hg and
194Au. The QEC-value of 194Hg is given by
QEC =m
(194Hg
)−m(194Au)
= [m(133Cs)−me
]× fc(
133Cs+)
fc(194Hg+)
− [m(197Au)−me
]× fc(
197Au+)
fc(194Au+)
, (1)
where m(194Hg) and m(194Au) are the masses of neutral 194Hg and
194Au to be determined, m(133Cs) and m(197Au) are the masses of
neutral 133Cs and 197Au taken from [12] and me is the electron
mass. The ionization energy of the valence electron is neglected.
The resulting new QEC-value of 194Hg is 29(4) keV (see Ta-
ble 2). There have been two earlier experiments from which a
QEC-value of 194Hg can be determined: a measurement of the half-
life of EC in 194Hg [13] and a direct measurement of masses of
194Hg and 194Au with the storage ring Schottky mass spectrometry
(SMS) [14]. The corresponding QEC-values are 40(20) keV [12] and
30(40) keV, respectively, and they agree with the new, much more
precise value. On the other hand, the AME2003 evaluated QEC-
value of 69(14) keV deviates from our QEC-value by more than two
standard deviations due to a substantial discrepancy between the
AME2003 and present mass values for 194Au. The AME2003 mass
value for 194Au is evaluated from the mass values determined from
β-decay of 194Au to 194Pt [16–18]. It has already been shown that
masses derived from β-decay spectroscopy might well be inaccu-
rate in a broad range of mass numbers and can exhibit discrepan-
cies with direct mass measurements much larger than 50 keV [26].
Meanwhile, the atomic mass of 197Au used as a reference for 194Auwas checked by TRIGA-TRAP [29] and no deviation within the er-
ror bars of a few keV to the AME2003 value was found (personal
communication, unpublished results).
Since the binding energy of the K-shell electron exceeds the
QEC-value, nuclear capture of the K electron can now be excluded,
while it would have been allowed by the previous value (and un-
certainty) of QEC = 69(14) keV. However, the new value of 29(4)
keV suggests a determination of the neutrino mass by a micro-
calorimetric measurement of the de-excitation spectrum from L-
capture in 194Hg. The total energy of the electron neutrino in this
case is Q ν = QEC − Bi ≈ 15(4) keV.
Based on these new experimental data the ﬁgure of merit g
[4,5] for 194Hg was calculated to be a few parts in 10−13 for the
neutrino mass of 20 eV. It represents the fraction of events in the
interval of a calorimetric spectrum between the endpoint and QEC-
value, normalized to the total spectrum calculated for m(νe) = 0. A
strong source of 5×106 194Hg-decays per second can be produced,
e.g., at the ISOLDE-facility [27]. For the above estimated factor of
merit g and with a use of multi-pixel calorimeters similar to those
planned for the MARE project [28] approximately hundred events
can be expected in the bin of 20 eV below the QEC-value after
a measurement time of a couple of years. Due to a presence of
background in the spectrum 20 eV would probably be a limit of
a determination of an upper limit for the electron neutrino mass
from EC in 194Hg for the next few years. The possibility to beat
10 eV-level or even to reach a few eV strongly depends on the
further progress in micro-calorimetry or on an invention of other
ingenious methods. All in all, 194Hg could be the second candidate
(163Ho) for a determination of the neutrino mass in EC-process.
As K-capture in neutral atoms of 194Hg is energetically forbid-
den, H-like and He-like ions of 194Hg are stable with respect to
electron capture, because all their electron shells above the K-shell
are vacant. Moreover, from the relation:
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m
(194Hg78+
)−m(194Au78+)
= QEC +
78∑
i=1
Bi
(194Hg
)−
78∑
i=1
Bi
(194Au
)
, (2)
where QEC is the energy release for neutral atoms and the sum
terms give the total binding energy for 78 electrons in 194Hg and in
194Au [30,31], the difference between the mass of the He-like ion
194Hg78+ and H-like ion 194Au78+ is −51(4) keV, which implies
the stability of the He-like ions of 194Hg78+ against EC. Never-
theless, 194Hg78+ can undergo, in principle, double-electron cap-
ture, double-positron, EC/positron decay or alpha-decay with an
estimated half-life of approximately 1020 yr. Thus, 194Hg78+ is es-
sentially stable. The new energy scheme of the decay processes of
194Hg78+ is shown in Fig. 3.
4. Conclusion
In conclusion, we determined the QEC-value of the orbital elec-
tron capture in 194Hg to be 29(4) keV by direct measurements
of the atomic masses of 194Hg and 194Au. This value excludes
K-capture in 194Hg and, thus, a previously expected very small
monochromatic neutrino energy. However, by analyzing the end-
point of the spectrum of electron L-capture in 194Hg with a micro-
calorimeter in combination with an independent remeasurement
of the QEC-value with similar uncertainty, well within reach of
precision Penning trap mass spectrometry [6], one could push an
upper limit for the neutrino mass from the present 225 eV down
to 20 eV uncertainty with a hope that a considerable improvement
of this technique will further lower this value.Furthermore, we found that He-like and H-like ions of 194Hg
are stable, whereas neutral atoms undergo EC, i.e. are radioactive.
This rare phenomenon will be the subject of further investigation.
Acknowledgements
Discussions with L. Gastaldo on micro-calorimetry are deeply
appreciated. We would also like to thank F. Gatti, A. Fleischmann,
D. Nesterenko, V.M. Shabaev, D.M. Seliverstov and A. Sokolov for
interesting discussions and help. This work was supported by the
European FP6 through RII3-EURONS (contract No. 506065) and
MEIF-CT-2006-042114, by the German Federal Ministry for Edu-
cation and Research (BMBF) (06DD9054, 06GF186I, 06MZ215), and
by the Max-Planck Society.
References
[1] E.W. Otten, C. Weinheimer, Rep. Prog. Phys. 71 (2008) 086201.
[2] P.T. Springer, C.L. Bennett, P.A. Baisden, Phys. Rev. A 35 (1987) 679.
[3] T. Andersen, et al., Phys. Lett. B 113 (1982) 72.
[4] A.D. Rújula, Nucl. Phys. B 188 (1981) 414.
[5] A.D. Rújula, M. Lusignoli, Phys. Lett. B 188 (1982) 429.
[6] K. Blaum, Phys. Rep. 425 (2006) 1.
[7] F. Gatti, et al., J. Low Temp. Phys. 151 (2008) 603.
[8] L. Fleischmann, et al., IEEE Trans. Applied Superconduct. 19 (2009) 63.
[9] H.-J. Kluge, Yu.N. Novikov, Nucl. Phys. News (International) 17 (4) (2007) 48.
[10] K. Blaum, Yu.N. Novikov, G. Werth, Contemporary Phys. 51 (2010) 149.
[11] A.H. Wapstra, G. Audi, C. Thibault, Nucl. Phys. A 729 (2003) 129.
[12] G. Audi, A.H. Wapstra, C. Thibault, Nucl. Phys. A 729 (2003) 337.
[13] P. Hornshoj, H.L. Nielsen, N. Rud, Nucl. Instrum. Methods 186 (1981) 257.
[14] Yu.A. Litvinov, et al., Nucl. Phys. A 756 (2005) 3.
[15] S. Schwarz, et al., Nucl. Phys. A 693 (2001) 533.
[16] M.T. Thieme, E. Bleuler, Phys. Rev. 102 (1956) 195.
[17] G. Bäckström, O. Bergman, J. Burde, J. Lindskog, Nucl. Phys. 15 (1960) 566.
[18] V.A. Ageev, N.F. Mitrokhovich, A.I. Feoktistov, Izv. Akad. Nauk SSSR, Ser. Fiz. 34
(1970) 201.
[19] F.P. Larkins, At. Data Nucl. Data Tables 20 (1977) 311.
[20] E. Kugler, Hyperﬁne Interact. 129 (2000) 23.
[21] M. Mukherjee, et al., Eur. Phys. J. A 35 (2008) 1.
[22] A. Kellerbauer, et al., Eur. Phys. J. D 22 (2003) 53.
[23] B.A. Marsh, V.N. Fedosseev, P. Kosuri, Hyperﬁne Interact. 171 (2006) 109.
[24] G. Gräff, H. Kalinowsky, J. Traut, Z. Phys. A 297 (1980) 35.
[25] M. König, et al., Int. J. Mass. Spectrom. Ion Process. 142 (1995) 95.
[26] M. Matos˘, et al., in: Proc. EXON-04 Conference, World Scientiﬁc, Singapore,
2005.
[27] H.-J. Kluge (Ed.), ISOLDE Guide for Users, CERN 86-05 (1986).
[28] A. Monfardini, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 559 (2006) 346.
[29] J. Ketelaer, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 594 (2008) 162.
[30] D. Lunney, J.M. Pearson, C. Thibault, Rev. Mod. Phys. 75 (2003) 1021.
[31] A.N. Artemyev, et al., Phys. Rev. A 71 (2005) 062104.
